We tested the hypothesis that maximum systolic elastance (Emax) fails to detect a decline in left ventricular (LV) contractile function when diastolic dysfunction is present. Canine hearts were studied in an isolated blood-perfused heart apparatus (isovolumic LV); contractile dysfunction was produced by 60 or 90 minutes of global ischemia, followed by 90 minutes of reperfusion. Nine normal hearts underwent 60 minutes of ischemia, and five underwent 90 minutes of ischemia. After the ischemia-reperfusion sequence, developed pressure, pressure-volume area, and myocardial ATP level were significantly less than those at baseline in all 14 hearts. In the group undergoing 60 minutes of ischemia, LV diastolic pressure did not increase, whereas Emax decreased from 5.2±2.5 to 2.9±1.4 mm Hg/ml (p<0.05). In the group undergoing 90 minutes of ischemia, diastolic pressure increased (from 10±2 to 37±20 mm Hg, p<0.05), and Em.. did not change significantly (from 5.1±4.3 to 4.3±2.5 mm Hg/ml). A second series of experiments was performed in 13 hearts with pressure-overload hypertrophy (aortic-band model with echocardiography and catheterization studies before the ischemia-reperfusion protocol). Five had evidence for pump failure, whereas eight remained compensated. After 60 minutes of ischemia and 90 minutes of reperfusion, developed pressure, pressure-volume area, and myocardial ATP level were significantly less than those at baseline in all 13 hearts. In the group with compensated LV hypertrophy, LV diastolic pressure did not change, whereas Emax decreased from 6.9±3.0 to 3.1±2.3 mm Hg/ml (p<0.05). In the group with pump failure, diastolic pressure increased (from 12±3 to 34±19 mm Hg, p<O.O5), and Emax did not significantly change (from 3.8±1.3 to 3.7±1.6 mm Hg/ml). Thus, all hearts exhibited ischemic injury and contractile dysfunction. When diastolic distensibility did not change (i.e., diastolic pressure did not increase), Emax decreased. However, when diastolic distensibility decreased, Emax did not change. These data indicate that Emax (which is based on measurements of total pressure) fails to reflect contractile dysfunction when LV diastolic pressures are elevated. Function indexes based on developed pressure are preferable when changes in diastolic distensibility complicate changes in systolic function. (Circulation 1991;83:674-680 
Thus, an index of contractile function based on total pressure may not detect a decline in contractile function when end-diastolic pressure increases.
While studying the mechanical and metabolic effects of LV ischemia followed by reperfusion,3-5 we observed that total systolic pressure did not decrease in hearts with ischemic contracture; this was the case despite the presence of significant myocardial injury and a marked decline in developed pressure. In contrast, hearts without contracture demonstrated a comparable decline in total pressure and developed pressure. Based on these observations, we speculated that indexes of contractile function based on measurements of total systolic pressure (e.g., Em.) may be limited when LV diastolic pressure was increased.
Therefore, we measured Em., during interventions that would uniformly depress systolic function but cause a decrease in LV diastolic distensibility in some hearts and not in others. Thus, we tested the hypothesis that Em., fails to detect a decline in contractile function when LV diastolic distensibility is decreased. Methods
Myocardial injury was produced by prolonged global ischemia followed by reperfusion. Fourteen normal hearts and 13 hearts with pressure-overload hypertrophy were studied in an isolated bloodperfused apparatus. Two levels of injury were produced: 1) injury limited to a decrease in systolic contractile function with no change in LV diastolic pressure or 2) injury with a decrease in contractile function and an increase in diastolic pressure. Under these conditions, Em., was evaluated as an index of contractile function.
Isolated Heart Apparatus
The isolated blood-perfused dog heart preparation used in these experiments has been described in detail.3-5 Briefly, the heart from the experimental dog was placed on cardiopulmonary bypass, then removed and placed in the isolated heart chamber; hearts were perfused at a constant pressure of 100 mm Hg. The coronary venous blood from the experimental isolated heart was extracted from the right heart and returned to the femoral vein of the support dog. A (Vloo), and all other volumes were related to the 100% volume. The mean V1oo value for all hearts was 25 ±5 ml; this value includes the volume of the plastic mitral annulus stent (the stent-balloon mount displaced 4 ml).19 LV pressures were measured throughout a range of 5 volumes from V20 to V1_. At each volume, data from six stable beats were averaged. The entire sequence of incremental balloon inflations from V20 to V1oo was accomplished between 5 and 10 minutes. During each experimental state, this sequence of balloon inflations was performed in duplicate. Variance between data from the two sets of balloon inflations was minimal.
Model of Left Ventricular Hypertrophy
The aortic-band model of pressure-overload hypertrophy and the hemodynamic measurements used to study this model have been described in detail.5,20 In 8-week-old puppies, a nonconstricting band was placed around the aorta approximately 2 cm above the aortic valve. After banding, the animals were allowed to "grow into" supravalvular aortic stenosis. Twelve months after aortic banding, the animals underwent cardiac catheterization and echocardiography5,20 to define the functional state of the LV.
Eight animals exhibited normal fractional shortening and normal LV end-diastolic pressure; this group was designated LVH-compensated. Five animals had reduced shortening and increased LV end-diastolic pressure; this group was designated LVH-failure. Complete hemodynamic data from these dogs, including LV stress-shortening relations and myocardial blood flow measurements, were the subject of a previous report.20 These hypertrophic hearts were selected because the ischemia-reperfusion intervention produced ischemic contracture in the LVHfailure group but not in the LVH-compensated group.5 Similarly, normal hearts developed ischemic contracture after 90 minutes but not after 60 minutes of ischemia.3,4 Metabolic data from these four groups of dogs, including coronary blood flow, myocardial oxygen consumption, and lactate extraction measurements were included in previous reports. [3] [4] [5] Experimental Protocol
Data from four experimental groups were analyzed: 1) nine normal hearts with 60 minutes of ischemia (normal 601A), 2) five normal hearts with 90 minutes of ischemia (normal 901A), 3) eight LVH-compensated hearts with 60 minutes of ischemia (LVHcompensated 601A), and 4) five LVH-failure hearts with 60 minutes of ischemia (LVH-failure 601A). After baseline measurements of systolic pressure, diastolic pressure, and tissue ATP level were obtained, ischemic arrest was initiated by cross-clamping the coronary arterial perfusion line. After the ischemic period, the hearts were reperfused for 90 minutes, and repeated measurements were obtained.
Measurements and Data Analysis
Three methods were used to detect a change in LV contractile function: 1) developed pressure (total systolic pressure minus end-diastolic pressure), 2) the pressure-volume area, and 3) Emax. Because Figure 2 ) and five LVH-failure 60IA hearts (Table 2 and Figure 2 ) were subjected to 60 minutes of ischemia and 90 minutes of reperfusion. Both the LV volume at V1oo and LV mass were smaller in LVH-compensated hearts compared with LVH-failure hearts (18+9 versus 28±10 ml and 144±33 versus 178±22 g, respectively).
In the LVH-compensated 601A hearts, ischemiareperfusion caused a decrease in total pressure, developed pressure, pressure-volume area, ATP level, and Ema, with no change in diastolic pressure.
In the LVH-failure 60IA hearts, ischemia-reperfusion resulted in no change in total pressure or EmJ.
However, diastolic pressures were significantly increased, and developed pressure, pressure-volume area, and tissue ATP level were significantly reduced.
Linear Fit and VO Intercept
In each of the 27 dogs studied, total systolic pressure-volume data were well fit by a linear function. The correlation coefficients uniformly exceeded 0.91. There were no differences in the correlation coefficients between groups either at baseline or reperfusion. V0 was 2.0±+0.5 ml for the study population as a whole. There were no differences in V0 between or within the groups at baseline or reperfusion. Discussion The purpose of this study was to determine whether the presence of LV diastolic dysfunction limits the use of Emax as an index of contractile (systolic) function. Myocardial injury was produced by subjecting normal and hypertrophic hearts to an ischemia-reperfusion sequence. Two patterns of myocardial injury were produced: 1) a decrease in contractile function with no change in diastolic distensibility (no change in diastolic pressure) or 2) a decrease in contractile function and the development of ischemic contracture (that is, increased diastolic pressure). The principal finding of this study was that Ema failed to detect a decrease in contractile function when diastolic pressure increased.
In each of the four groups of hearts, the ischemiareperfusion sequence produced significant myocardial injury. This injury resulted in a decline in developed pressure, a decrease in the pressure-volume area, and a reduction in myocardial ATP levels. In two groups of hearts, diastolic distensibility remained constant, and diastolic pressure did not increase. In these hearts, all measured indexes of contractile function decreased concordantly; a decrease in Em,, paralleled the decrease in developed pressure, pressure-volume area, and ATP levels. These findings (using zero-flow ischemia) were similar to those reported by others in which low-flow ischemia caused a decrease in the slope of the end-systolic pressurevolume relation.18 By contrast, two groups of hearts in the current study exhibited a decrease in contractile function and a decrease in diastolic distensibility. In these groups, the decrease in developed pressure, pressure-volume area, and ATP levels was not associated with a significant change in Em.. These data suggest that the presence of diastolic dysfunction limits the ability of Emax to detect a change in contractile function.
Early experiments on isolated cardiac muscle strips demonstrated that active tension (in an isometric contraction) could be altered either by a change in initial muscle length (preload) al"l demonstrated that the linearity or curvilinearity of the end-systolic pressure-volume relation was dependent on the contractile function itself. These investigators suggested that, in an isolated isovolumic canine ventricle, when the slope of the end-systolic pressure-volume relation was between 3.4 and 7.8 mm Hg/ml, the data from this relation were fit better by a linear equation than by a nonlinear equation. In the present study, Em., in all four groups both before and after reperfusion fell within this range. Our measurements were made at an average volume of 25±5 ml. Therefore, data from previous studies and the high linear correlation coefficients in the present study indicate that a linear fit was appropriate for the data from the current study. Despite its limitations, the end-systolic pressurevolume relation continues to be useful in measuring acute changes in contractile function in many clinical and experimental settings. Data from this study emphasize that a complete characterization of LV contractile function requires measurements of systolic and diastolic properties. It should also be recognized that our conclusions are based on data from isovolumic contractions. Whether the results of this study also apply to ejecting hearts remains uncertain and should be the subject of further studies. Nonetheless, our results underline a potential limitation in the use of Emax and emphasize the importance of using developed pressure or force in the assessment of contractile function. In many clinical situations such as hypertension, aortic stenosis, and coronary heart disease, LV passive stiffness may increase with little or no apparent change in contractile function.28 In such a setting, indexes based on developed pressure or stress may be more reliable than those based on total pressure or stress.
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